Abstract-A steerable catheter with a compact fiber optic sensor for temperature-insensitive contact force measurement is demonstrated. A fiber Bragg grating (FBG) is used as the sensor, which is very small and can be fixed on the outer arc of a steerable catheter, such that it does not occupy any space inside the catheter. Contact force sensing performance under various curve diameters during steering is studied and the results show high repeatability. Since the curve diameter during steering is predetermined, accurate contact force measurement can be performed through calibrating the measurement with various steered catheter positions. Different from most conventional FBG contact force sensors, this approach does not require the analysis of FBG reflection spectra. Instead, contact force applied on the catheter tip is determined by the direct measurement of total FBG reflection power, enabling real time, low cost, and compact sensing. Furthermore, the proposed catheter is tested under different temperatures, and temperature-insensitive performance is also obtained.
I. INTRODUCTION
A LTHOUGH contemporary cardiac electrophysiology procedures (EP) are routinely performed with minimal morbidity and mortality, perforation of either the vasculature or a cardiac chamber with catheters is an ever present danger. Cardiac perforation can lead to devastating complications. These perforations can arise from excessive force from a catheter, excessive energy delivery during ablation, or a combination of excessive force and energy. Therefore, a catheter that is capable of measuring contact force during a procedure is essential to prevent unexpected damages to the heart [1] . Fiber Bragg grating (FBG) based force sensor has been intensively studied and widely used in various applications due to its unique advantages such as small size, electromagnetic interference immunity, and high sensitivity [2] , [3] , which make it a perfect candidate for force sensing during EP procedures [4] , [5] . Steerable catheters are commonly used in EP procedures to enable controlled-bending of the catheter, so that it can travel smoothly along human vessels and organs, which are twisty and supple [6] . Although FBG based force sensors are well developed and different structures of FBG based catheter sensors are intensively demonstrated [7] - [11] , there is no research studying contact force measurement in steerable catheters where different curve diameters may occurs during an operation. Curve diameter is the furthest distance the catheter moves from its straight axis as it is deflected. Catheter steering has not been taken into account during force measurement; however, this capability is essential since catheters often need to be steered into various positions to fit human vessels and organs. Studying contact force measurement of a steerable catheter with various curve diameters is important because steering of catheter will create a change in the FBG reflection spectrum which consequently affects the force measurement results. Thus understanding and utilizing the influence that curve diameter has on force sensing is essential for attaining accurate force measurements during a real medical procedure. Moreover, temperature insensitivity is another essential feature for accurate force measurements during procedures, like in an EP radiofrequency ablation, where electrical energy is used to destroy tissues in the heart that are causing rhythm disturbances. This procedure causes an increase in temperature of the targeted area, disabling the function of any temperature sensitive FBG based force sensor. FBGs are excellent temperature sensors because the reflection wavelength shifts with any temperature change. Unfortunately, this imposes a significant limitation when using FBGs for force sensing because FBG force sensing relies on the measurement of wavelength shift to determine the amount of force applied onto the catheter and the corresponding organ. However, both temperature and contact force create wavelength shift making them indistinguishable from one another [12] . Furthermore, most FBG based force sensors require precise capturing and analyzing of an optical spectrum using expensive equipment with high latency such as an optical spectrum analyzer (OSA), which is not practical in a medical environment [13] - [15] that requires real time knowledge of the applied force. Thus, a real-time temperature insensitive contact force sensor for a steerable catheter is highly desired to ensure reliability and high fidelity sensing in a medical procedure.
In this paper, we present a real-time temperature insensitive solution for contact force measurement in a steerable catheter.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. The measurement is achieved by measuring the total reflection power of the FBG sensor using an optical power meter. An FBG is fixed on the stretched side (outer arc) of a steerable catheter for contact force measurement and the catheter is then inserted into the catheter guide, just like during a medical procedure, as shown in Fig. 1 . The proposed FBG sensor does not require the use of an optical spectrum analyzer, instead, an optical power meter is used for measuring the total reflection power from the FBG. Since temperature variation will only shift the reflection spectrum but does not change the FBG reflection bandwidth, while contact force will change the refection bandwidth, the total reflection power is sensitive only to contact force but not the temperature variation. As a result, temperature insensitive contact force sensing is achieved by measuring the total reflection power from the FBG. Furthermore, the measurement of total reflection power does not require specific spectral information, which is a faster and simpler approach to acquire contact force information. The proposed sensor is tested and calibrated under different amounts of curve diameter and temperature settings (12.7°C to 65°C), mimicking a real EP radiofrequency ablation scenario. Our experimental results show that the proposed FBG incorporated steerable catheter is temperature insensitive and is capable of performing contact force measurement at various steering settings. The proposed approach achieves compact real-time contact force sensing with different steering curve diameters during EP procedures and can be used in various types of real-time sensing applications.
II. PRINCIPLE AND EXPERIMENTAL SETUP Figure 1 shows the FBG incorporated steerable catheter and the contact force measurement setup. In our approach, a nonmagnetic 8 French EP catheter from St. Jude Medical Inc. is used, which is steerable to bend in a particular direction and is adjustable to have various curve diameters. The starting point of the deflectable section of the catheter is fixed on a holder to ensure the same onset location for bending to occur, mimicking the small entrance point of the catheter on a subject during an EP procedure. We set two points a and b at the beginning and end of the deflectable section of the catheter. The FBG is 14 mm long and is fixed in the middle of points a and b on the outer arc of the steerable catheter. A scale with 0.01 g resolution is used for measuring the applied contact force. A broadband light source is used as the light input to the FBG mounted on the steerable catheter, and an optical power meter (EXFO EPM-50) is used to measure the total reflected optical power from the sensor. The steering curve diameter is adjustable from 74.13 mm to 67.37 mm, as shown in Fig. 2 . Since the FBG is fixed on the outer arc of the catheter, it will have the same bending curvatures as the catheter during catheter bending. Figure 3 illustrates the steerable catheter without steering (blue) and after steering with a particular curve diameter (purple). We set two points, a and b, at the front part of the catheter where the bending occurs, while the FBG is located at the mid-point between a and b. We define the central angle between radiuses aO and bO as the bend curvature (θ) when contact force is applied. The distance between a and b is the curve diameter (after steering is shown in purple), denoted as d, which can be measured easily and is directly related to the bend curvature θ and the fixed value of l, which is the distance between a and b without pre-bending (shown by the catheter in blue in Fig. 3) .
When force is applied onto the catheter tip, bending of FBG due to the elastic property of the catheter occurs, which leads to non-uniform stretching in each grating pitch of the FBG [7] . The grating pitch governs the Bragg wavelength λ B (reflection wavelength) of the FBG and is described by a well-known is the grating pitch and n e f f is the effective index of the fiber core. Thus, stretching of the FBG results in an increase of pitch length that makes the Bragg wavelength shift to the longer wavelength direction. The interesting part here is that since the FBG is fixed on the outer arc of the steerable catheter, when the FBG is bent due to the force applied to the catheter tip, non-uniform stretching of grating pitches is resulted, which in turn results in chirping of the FBG and a broadening in reflection spectrum towards longer wavelength direction. The different extent of spectral broadening under different amount of contact force enable the use of total reflection power for measuring the actual force applied to the catheter. The use of spectral broadening for determining force applied to the catheter also provides the benefit of temperature insensitive operation. The temperature change would lead to a change in the effective refractive index (n ef f ) of the FBG [2] as well as a uniform thermal expansion of the grating periods ( ). Since both the change in n e f f and are uniform, these two factors would only result in a wavelength shift of the reflected peak, while the bandwidth of the reflection spectrum and the total reflected power stay the same. Since our approach only measures the total reflection power of the FBG, temperature induced peak wavelength shifts will not affect the measurement because only the reflection wavelength is shifted, neither the spectral width nor the reflection power is changed. As a result, the measurement is independent of the temperature and only contact force induced spectral broadening will change the total reflection power. Figure 4 shows the reflection spectra of the embedded FBG under different amounts of force applied to the catheter tip with a preset steered curve diameter of 72.45 mm, and the corresponding 3-dB bandwidth change of the reflection spectra is shown in Fig. 5 . The steered curve diameter is adjustable through the catheter control knob and is measured by an absolute digimatic caliper. To observe the change in optical spectrum, an optical spectrum analyzer with a 0.8 pm resolution is used for detail characterization during the experiment, which is not necessary for sensing. As shown in Fig. 4 and Fig. 5 , bandwidth of the FBG reflected spectrum is broadened as the applied force increases, and the overall reflection wavelength shifts towards the longer wavelength direction. When the applied force is increased from 0 g to 65.4 g, a total center wavelength shift of 3.0 nm is observed and the 3-dB bandwidth increases from 0.29 nm to 0.73 nm. Due to spectral broadening of the FBG reflection spectrum, the total reflection power is increased from −20.02 dBm to −18.21 dBm, as shown by the pink line with upward triangles in Fig. 6 . The optical power change resulted from force applied to the sensor is significant, making it possible to achieve direct power measurement using an optical power meter for contact force sensing. Figure 6 shows the measured total reflection power of the FBG in response to different amounts of applied force at various initial steered curve diameters. Initial steered curve diameter ranged from 74.13 mm to 67.37 mm is applied to the catheter before any contact force is applied, indicated by the first data point (at 0 g) in each curve shown in Fig. 6 . As displayed, the sensor has different initial reflection power for different initial steered curve diameters, varying from −20.86 dBm to −19.57 dBm. Therefore, calibration can be done based on Fig. 6 when the catheter is steered at a particular curve diameter using the control knob, such that the actual contact force can be determined through optical power measurement. At each steered curve diameter, the total reflection power increases as the applied force increases with the same trend. The power change is significant enough to be measured by an optical power meter, such that no spectral information is needed. At a large steered curve diameter of 74.13 mm, the total power change is 2.66 dB when an 85.4 g force is applied to the steerable catheter tip. At a small steered curve diameter of 67.37 mm, the total power change is 2.19 dB when a 67.8 g force is applied.
III. RESULTS AND DISCUSSION
When contact force is applied onto the catheter tip, bending of the catheter is observed depending on the initial steered curve diameter and the contact force applied to it. Catheter with smaller initial steered curve diameter experiences larger bending under the same amount of applied force. As shown in Fig. 6 , catheter with a large initial steered curve diameter (i.e. 67.37 mm) meets its bending limitation at about 65.0 g of applied force due to the over-bending of the catheter and the bending limitation of FBG. To prevent over-bending, the measured steered curve diameter is ranged from 74.13 mm to 67.37 mm and the applied contact force is ranged from 0 g to 65.0 g. Based on former studies, 65.0 g is enough for most EP procedures. When contact force is applied, the larger the bending, the larger the broadening in spectrum, and therefore a larger change in reflection power as well as a higher sensitivity are resulted, which explains the nonlinear power vs force relationship as shown in Fig. 6 . Furthermore, our approach has better absolute sensitivity than conventional wavelength measurement approaches. Taking an initial steered curve diameter of 72.45 mm as an example, a sensitivity of 0.031 dB/g is observed for contact force of 72.7 g. Thus an absolute sensitivity of 0.032 g is resulted when an optical power meter with resolution of 0.001 dBm (OTM-300 series optical MultiMeter) is used, which is improved compare with the conventional techniques. It is worth noticing that once the contact force is removed, both the steered curve diameter and initial total reflection power are restored to their initial values. Furthermore, the contact force measurement is highly repeatable that shows the reliability of the proposed FBG force sensor incorporated steerable catheter.
To investigate the temperature dependency of the proposed FBG incorporated steerable catheter, the catheter is immersed in a water bath with various temperature. Figure 7 shows the measured total reflection power of the FBG sensor at different testing temperatures. Temperatures ranging from 12.7°C to 65.0°C were tested which covers the whole potential temperature range that EP procedures may reach. As shown, the total change of reflection power is smaller than 0.2 dB, which proves the temperature insensitive capability of the proposed sensor measurement scheme. The 0.2 dB of variation could be resulted from thermal expansion of the catheter guiding tube and the accuracy of the optical power meter. This temperature insensitivity can be further explained by the optical spectral profiles of the FBG sensor. Since temperature change will result in a shift in FBG reflection wavelength, the FBG reflection spectra shown in the inset of Fig. 7 are normalized in wavelength with actual measured power, for comparing the FBG reflection profiles at various temperatures. When temperature is changed from 12.7°C to 65.0°C, no change in reflection bandwidth or spectral profile is observed, indicating that the corresponding total reflection powers are the same. The good temperature insensitivity of the proposed catheter sensor provides accurate and reliable contact force measurement during EP procedures.
IV. CONCLUSION
A steerable catheter with an incorporated FBG sensor for contact force measurement is studied experimentally under various steered curve diameters and contact forces. The applied contact force value is obtained through direct measurement of the total reflection power from the FBG using an optical power meter, such that real-time contact force monitoring is achieved without the need for analyzing the spectral information of the FBG. Since the temperature change induced wavelength shift in reflection spectrum will not affect the reflection power of the FBG, the proposed scheme is insensitive to temperature influence. The relationship between the total reflection power, steered curve diameter, applied contact force, and temperature change are studied. The results show that reflection power change due to contact force applied has the same trend when different initial steered curve diameters are set through the catheter control knob. As a result, the actual force applied to the catheter during a procedure can be determined easily through calibration using the control knob information. This design provides a practical and compact solution for real-time contact force measurement during EP procedures, which is suitable for various biomedical applications.
